Abstract Steep mountainous areas account for 70% of all river catchments in Japan. To predict river discharge for the mountainous catchments, many studies have applied distributed hydrological models based on a kinematic wave approximation with surface and subsurface flow components (DHM-KWSS). These models reproduce observed river discharge of catchments in Japan well; however, the applicability of a DHM-KWSS to catchments with different geographical and climatic conditions has not been sufficiently examined. This research applied a DHM-KWSS to two river basins that have different climatic conditions from basins in Japan to examine the transferability of the DHM-KWSS model structure. Our results show that the DHM-KWSS model structure explained flow regimes for a wet river basin as well as a large flood event in an arid basin; however, it was unable to explain long-term flow regimes for the arid basin case study.
INTRODUCTION
To develop a suitable hydrological model to forecast river flows, the dominant hydrological processes in a catchment must be identified. To contribute to such fundamental hydrological research, a Workshop Testing simulation and forecasting models in nonstationary conditions was held during the 2013 IAHS conference in Göteborg, Sweden (Thirel et al. 2015) . Workshop participants selected target basins and simulated long-term river discharge using several rainfall-runoff and land-surface models with the meteorological data provided, and we discussed the transferability of a Distributed Hydrologic Model based on a Kinematic Wave flow approximation (DHM-KWSS) that considers both surface and subsurface flow components).
Many river basins in Japan have steep slopes, being located in mountainous terrain, which causes rapid propagation of flood flows. These slopes are mainly covered by forests, which in temperate climatic conditions keep soil moisture in the surface layer. Rainfall-runoff processes in these climatic conditions have been represented by some DHM-KWSS, such as HydroBEAM (Kojiri et al. 2008) and OHDIS-KWMSS (Takasao and Shiiba 1988 , Sayama et al. 2006 , Sayama and McDonnell 2009 , Kim et al. 2011 . Hunukumbura et al. (2012) used a DHM-KWSS to describe short-term flood events in several river basins located in multiple countries, encompassing a range of geographic and climatic conditions different from those in Japan. This study showed that the model was applicable to basins with steep slopes and a temperate climate condition similar to those in Japan; however, it has difficulty describing hydrological behaviour in arid climates as well as those with mild topography.
This study applied a DHM-KWSS for long-term simulations including periods of flood and drought to further understand the transferability of the model structure. Applying a DHM-KWSS over a long time period is intended to test the model structure under a variety of hydrological conditions. In this study, 1K-DHM (Tachikawa and Tanaka 2013) , which is a distributed hydrological models with the DHM-KWSS structure, was applied to two river basins. One was the area upstream of Portet-sur-Garonne in the Garonne River basin (9980 km 2 ) in southern France; the other was the area upstream of Glendower in the Flinders River basin (1960 km 2 ) in northern Australia. The Garonne River basin is characterized by relatively stable rainfall throughout the year, which is similar to climatic conditions in Japanese river basins. The Flinders River basin is located in an arid area which is climatically quite different. To examine the applicability of the DHM-KWSS model structure for basins with different climates and topography, model parameters were calibrated, and then the calibrated model was examined with observed discharge. Model validation showed that the DHM-KWSS model structure successfully describes flow regimes in the catchment upstream of Portet-sur-Garonne in the Garonne River basin. For the catchment above Glendower in the arid Flinders River basin, extreme flood events were well reproduced, but it was difficult to represent long-term flow regimes.
MODEL FRAMEWORK
The 1K-DHM is a distributed hydrological model based on a kinematic wave flow approximation that considers subsurface flow. This model uses a kinematic wave model that describes surface and subsurface flow using a storage-discharge equation. As shown in Fig. 1 , kinematic flow is applied to each cell within 1K-DHM, where flow is calculated using rainfall input to the cell and discharge from upper cells as the boundary condition. Flow direction is determined using topographical data provided by HydroSHEDS (http://hydrosheds.cr.usgs.gov).
As shown in Fig. 2 , each cell is contributed to by its upslope cells and the number of upslope cells S is determined by the flow direction. If S is larger than the threshold S 0 , which is set to 250 in this study, the cell is considered a river-channel cell; otherwise, it is classified as a slope-runoff cell. A threshold value of 250 was found to reproduce the observed river discharge in some Japanese river basins. The following kinematic wave model represents flow for riverchannel cells:
where A is the cross-sectional area; Q is discharge; r is rainfall intensity; e is evapotranspiration; and α c and m are parameters. These parameters are determined as α c = √i /n c B −3/2 and m = 3/5, assuming a rectangular cross-section of each cell. The parameters i, n c and B represent the slope gradient, Manning's Flow from slope-runoff for each cell is modelled by the following two equations, which consider both saturated and unsaturated subsurface flow components (Hunukumbura et al. 2012) :
where h is water stage; q is discharge per unit slope width; d c is a water stage equivalent to the maximum water content in capillary pores; k c is hydraulic conductivity when the capillary pores are saturated; β is an exponent parameter that describes the relationship between hydraulic conductivity and saturation; k a is saturated hydraulic conductivity and k a = βk c according to the continuity of the q-h relationship (equation (4)); d a is the water stage equivalent to the maximum water content in the effective porosity; and n s is Manning's roughness coefficient for overland flow in slope runoff cells. equation (4) represents the q-h relationship for the surface and subsurface soil layer, as shown in Fig. 3 . When the cross-section A or the slope water depth h becomes negative due to the negative input (the r -e portion of equations (1) and (3)), both values are set to zero. Some portions of mountainous slopes are composed of gullies, where compacted bare ground causes quick surface flow. The model represents these areas as rill cells with no subsurface soil layers. Arid catchments are assumed to contain these impervious areas, which strongly affect flow regimes. To introduce the rill cells into the model, a slope-runoff cell with the number of upslope cells S that is larger than the threshold S 1 and smaller than S 0 is set as a rill cell. Water flow in these rill cells is calculated using equations (3) and (4), in which soil layer parameters (specifically d a and d c ) are set to zero. In other words, the basic equation is equivalent to equations (1) and (2), with the condition that Manning's coefficient is equal to n s . The property of the rill cells is important in simulating the Flinders River, as described in the following section.
APPLYING 1K-DHM TO TWO TEST BASINS

Application framework
The 1K-DHMl model, as described above, was applied to the Garonne River in France and the Flinders River in Australia. Following the protocol established for the Workshop described by Thirel et al. (2015) , the entire period was divided into five sub-periods for each basin, as shown in Table 1 . Each period was named Pi (where i = 1, 2, 3, 4, 5), and the complete period was named P6. First, the parameters of 1K-DHM were calibrated for each time period P1-P6. For the calibration, the SCE-UA algorithm (Duan et al. 1994 ) was used to optimize parameters, and the Nash-Sutcliffe coefficient was used to evaluate the model efficiency. This resulted in six calibrated parameter sets for P1-P6, termed θ1-θ6 herein. Secondly, the six parameter sets were applied to 1K-DHM to simulate river discharge outside of the time periods used for calibration.
River basin conditions
The catchment area upstream of Portet-sur-Garonne in the Garonne River basin (9980 km 2 ) and the area upstream of Glendower in the Flinders River basin (1960 km 2 ) were selected as the study basins. The former catchment has similar climatic conditions to Japanese river basins, while the latter has very different climatic conditions to the Garonne River basin and most basins in Japan. The Garonne River catchment is characterized by a mean annual precipitation of about 1200 mm, where precipitation occurs consistently throughout the year. However, the Flinders River catchment, located in northern Australia, has a semi-arid tropical climate, with drastic inter-annual variability in precipitation. The mean annual precipitation in this catchment is about 600 mm, and flood events occur mainly in the wet season from November to April. Rainfall during this period accounts for 80% of annual precipitation. During the dry season, precipitation is not enough to maintain this ephemeral river, which has no flow in dry months.
Figures 4 and 5 show the watershed boundaries of the Garonne and Flinders river basins, which were obtained from topographic data in HydroSHEDS. The light-shading delineates the entire river basin in each case, while the dark-grey colour shows the study catchments upstream of Portet-sur-Garonne and Glendower. The right side of Figs 4 and 5 indicates the spatial distribution of slope gradient as calculated from topographic data. In both catchments, almost all cells have a gradient larger than 0.01; this means that both satisfy the topological conditions of 1K-DHM based on a kinematic wave flow approximation. 1961-1969 1973-1979 P2 1970-1978 1980-1986 P3 1979-1987 1987-1993 P4 1988-1996 1994-2000 P5 1997-2005 2001-2007 P5 1961-2005 1973-2007 Fig . 4 Left: watershed boundary of the Garonne River basin (black line: river channel grids, light grey: the whole area of the Garonne River basin, dark grey: catchment upstream of Portet-sur-Garonne). Right: spatial distribution of slope gradient of catchment upstream of Portet-sur-Garonne. To illustrate the flow regime characteristics of the Garonne and Flinders rivers, observed daily discharge hydrographs at Portet-sur-Garonne in 1982, and at Glendower in 1981, are shown in Fig. 6 . The Garonne River has continuous flow throughout the year, and relatively high discharge appears after the winter season. Conversely, the Flinders River has very low flow for most of the year except during the wet season from January to March. The ratio Q s /P between the total annual runoff Q s and precipitation P for both catchments is shown in Fig. 7 . For the Garonne River the ratio is about 0.5, which means that half of the precipitation contributes to runoff, while for the Flinders, the ratio is about 0.1 throughout the period, indicating that the majority of rainfall infiltrates into the soil layers, or evaporates into the atmosphere.
Estimation of actual evapotranspiration
For long-term runoff simulations, actual evapotranspiration (AET) is required; however, the available data is potential evapotranspiration (PET). Therefore, AET was estimated from PET, as described below. Assuming that the error in the water balance calculated from AET is equal to zero, the error ratio in the annual water balance L p to precipitation using PET was calculated for both basins to examine how much larger PET is than AET:
where E p is total annual potential evapotranspiration.
If L p has a negative value, it shows that PET is larger than AET. The values of L p for each year at Portetsur-Garonne (Garonne River) and Glendower (Flinders River) are shown in Fig. 8 , which indicates that L p for the Garonne is approximately −0.4, whereas for the Flinders it ranges from −0.7 to Testing the applicability of a DHM-KWSS model−5.0. It is clear that PET is much larger than AET for the Flinders River basin. To obtain AET, annual actual evapotranspiration E a was estimated as:
Assuming E a = αE p , α ≤ 1.0 and substituting this into equation (6), one obtains:
where the values of α are calculated by:
Daily actual evapotranspiration is assumed to be:
e a ðtÞ ¼ αe p ðtÞ (9) Fig. 6 Hydrographs of observed discharge of the two basins (grey: Portet-sur-Garonne in the Garonne River basin, black: Glendower in the Flinders River basin).
Fig. 7
The observed ratio of annual runoff to precipitation for the two basins (grey: Portet-sur-Garonne in the Garonne River basin, black: Glendower in the Flinders River basin).
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where e a (t) and e p (t) are daily actual and potential evapotranspiration, respectively; and t represents day.
Initial conditions
The initial condition of the 1K-DHM is determined by assuming a steady state. At the steady state, river discharge Q at r in each cell is given by:
where r is intensity of runoff generation at the steady state, and A is the area upstream of the cell. Given the observed initial river discharge at a gauging station Q, r can be calculated by equation (10). The initial river discharge at each cell Q i with an upstream area of A i is calculated as Q i = rA i .
Performance index
The Nash-Sutcliffe coefficient in N s was used as an evaluation criterion for calibration:
where Q sim,i is simulated daily discharge, and Q obs,i is observed daily discharge for the ith day. The validation results were evaluated by calculating N s and the bias of the total amount of runoff calculated as:
As most of the daily discharge at Glendower is less than 1 m 3 /s, the Nash-Sutcliffe coefficient calculated on inverse transformed flows N l was used (Pushpalatha et al. 2012) :
Both the denominator and numerator of equation (13) involve the inverse of discharge, which indicates that the better the model reproduces low flow, the higher N l becomes. The parameter γ is added to avoid division by zero.
Calibration and validation processes
In the calibration stage, the initial conditions were set to each of the six time periods (P1-P6) to reproduce Testing the applicability of a DHM-KWSS modelriver discharge measured at Portet-sur-Garonne and Glendower. The SCE-UA algorithm then searches these parameter sets with the highest Nash-Sutcliffe coefficient. The parameter sets for both rivers include n s , k a , d a , d c and β in equation (4), while the Flinders River set also included S 1 . For model validation, river discharge hydrographs for the periods P1-P6 were simulated using parameter sets θi (i = 1, 2, . . ., 6). Figures 9 and 10 show the Nash-Sutcliffe coefficient and the bias over calibration and validation stages for periods P1-P6, as calculated using parameter sets θ1 to θ6. The results for Pi using parameter sets θi (i = 1, 2, . . ., 6) are for the calibration, while the other results are for validation. Nash-Sutcliffe coefficient scores calculated for all parameters ranged from 0.4 to 0.7, with an overall bias of almost 1.0, as shown in Table 2 .
RESULTS AND DISCUSSION
The Garonne River basin
To further understand the Garonne River basin results, for 1982, observed and simulated (using the parameter sets θ1-θ6) discharge hydrographs are shown in Fig. 11 . The simulated discharge at Portetsur-Garonne replicated the behaviour of the overall flow characteristics. Simulated hydrographs for other years followed a similar tendency. The Garonne River basin experiences rainfall for every month, Fig. 9 Nash-Sutcliffe coefficient of river discharge using the six parameter sets for each period at Portet-sur-Garonne. Fig. 10 Bias of observed and simulated discharge by the six parameter sets for each period at Portet-sur-Garonne.
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T. Tanaka and Y. Tachikawa and so the upper soil layer would have enough wetness to cause gravity flow. This characteristic matches the DHM-KWSS structure. To analyse the characteristics of flow from the parameter sets, 1K-DHM parameter values obtained at the Maruyama River basin in Japan (Hunukumbura et al. 2012 ) are also shown in Table 2 . The d c values identified for the Garonne River basin are larger than for the Maruyama River basin. The 1K-DHM model does not incorporate snow accumulation processes, thus snowmelt is reflected by the large d c value. If snow accumulation and snowmelt processes are incorporated into 1K-DHM, the d c value would to be similar to that of the Maruyama River basin. The NashSutcliffe coefficients for the validation periods are about 0.6, and the bias is about 1.05. In addition, the parameter sets in Table 2 do not vary across time periods, which shows that the parameter set is stable for the Garonne River. This supports the notion that the DHM-KWSS model structure is applicable for the Garonne River basin.
The Flinders River basin
The Nash-Sutcliffe coefficients and the bias for both calibration and validation of the Flinders River basin Fig. 11 Hydrograph of observed (thick line) and simulated discharge in 1982 at Portet-sur-Garonne (effective rainfall means rainfall minus evapotranspiration). Table 2 Calibrated parameter values for the River Garonne, the River Flinders, and the Maruyama River catchments in Japan (Hunukumbura et al. 2012) . Figs 12 and 13, respectively. The NashSutcliffe coefficient ranges from 0.4 to 0.6, except for the results from θ5. However, the bias ranges from 1.0 to 3.0, which means that the simulated discharge tends to be overestimated. The calibrated parameters are shown in Table 2 .
To illustrate these results, the observed and simulated discharge hydrographs from October to December in 1981 at Glendower are shown in Fig. 14. We can see that the simulated peak discharge is overestimated when compared to that observed for almost all events. Simulated results for other years showed a similar tendency. This is due to the uniform ratio parameter α used to estimate actual daily evapotranspiration. The AET was underestimated in the wet season and overestimated in the dry season. To keep river discharge for the dry season, the values of d a and d c were identified as being larger for the Flinders River basin than for the Maruyama River basin. The underestimated AET in the wet season then caused overestimation of discharge during the rainy season. The thick soil layers also resulted in delay of the hydrograph peak as observed in Fig. 14. Thus n s was calibrated to a small value to reduce the Fig. 12 Nash-Sutcliffe coefficient of river discharge using the six parameter sets for each period at Glendower. Fig. 13 Bias of observed and simulated discharge using the six parameter sets for each period at Glendower. Indeed, since the basin was dry at the beginning of this hurricane event, the hydraulic conductivity at the soil surface would have been quite small. Thus, the DHM-KWSS model structure was able to represent the extremely large flood.
Summary
The above results show that care must be taken in applying the DHM-KWSS model structure to different catchments. Nash-Sutcliffe coefficients arising from the best-performing parameter set for the Garonne River basin are larger than for the Flinders Fig. 14 Hydrograph of observed (thick line) and simulated discharge from October to December in 1981 at Glendower (effective rainfall is rainfall minus evapotranspiration). Fig. 15 Nash-Sutcliffe coefficient of river discharge for low flow using the six parameter sets for each period at Glendower.
Testing the applicability of a DHM-KWSS modelRiver basin. The bias calculated for the Garonne River basin shows that the simulated total runoff is close to that observed, while for the Flinders River basin, the simulated total runoff is overestimated. The findings are as follows; the DHM-KWSS model structure expresses flow regimes in the Garonne River basin with temperate climate conditions and large flood events in the Flinders river basin, but flow regimes of arid areas over long time period are not well explained.
CONCLUSIONS
River basins in Japan have steep mountainous topography with temperate climatic conditions. These properties have been successfully modelled by the DHM-KWSS model structure. This research examined the applicability of the model 1K-DHM, with a DHM-KWSS model structure, to the Garonne and Flinders river basins. These basins have similar topography to Japanese basins, but encompass a range of climatic conditions. The calibration and validation results showed that the rainfall-runoff process in the Garonne River basin could be explained with the DHM-KWSS model structure; however, it did not describe the arid Flinders River basin well. The findings are summarized as follows:
1. 1K-DHM captures runoff characteristics in the Garonne River basin. This basin experiences rainfall every month and runoff from the basin responds rapidly to rainfall. This behaviour is well described by the DHM-KWSS model structure. Surface and saturated subsurface parameters are similar to those found in Japanese basins. These parameters do not vary in different identification periods, which indicates that the rainfallrunoff processes are expressed by the DHM-KWSS model structure. 2. The simulation scores from the Flinders River basin during the low-flow season were low, and the simulation biases were high. The former means that the model structure in 1K-DHM does not account for rainfall-runoff processes for arid basins, and the latter is explained by the error in estimating interannual variation in actual evapotranspiration. Interestingly, the simulated discharge during the large flood in 2002 was reproduced well using 1K-DHM. This is because the vertical infiltration in the dry season is small, and surface flow accounts for the large flood runoff phenomena. The varying of the calibrated parameters sets across the periods is likely due to insufficient modelling of rainfall-runoff processes in arid basins.
The above conclusions show that the DHM-KWSS model structure expresses flow regimes in a temperate river basin similar to Japanese river basins, as well as flood events in an arid basin. However, this model structure cannot describe flow behaviour for the arid area. Rainfall-runoff predictions are subject to uncertainties regarding the accuracy of hydrological data, 
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T. Tanaka and Y. Tachikawa parameter identification and model structure. The Flinders River basin is steep enough to be approximated by a kinematic wave flow approximation, although runoff generation in the arid basin has different hydrological processes from those expressed in DHMs-KWSS. To explain flow regimes over a wider range of basins with different climatic conditions, improving the estimation of snow accumulation and snowmelt, and of actual evapotranspiration inter-annual variability is essential. In addition, future research must focus on optimizing model structures that capture subsurface or underground flow dynamics.
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